Cyr NE, Toorie AM, Steger JS, Sochat MM, Hyner S, Perello M, Stuart R, Nillni EA. Mechanisms by which the orexigen NPY regulates anorexigenic ␣-MSH and TRH. Am J Physiol Endocrinol Metab 67: E640 -E650, 2013. First published January 15, 2013; doi:10.1152/ajpendo.00448.2012.-Protein posttranslational processing is a cellular mechanism fundamental to the generation of bioactive peptides, including the anorectic ␣-melanocyte-stimulating hormone (␣-MSH) and thyrotropin-releasing hormone (TRH) peptides produced in the hypothalamic arcuate (ARC) and paraventricular (PVN) nuclei, respectively. Neuropeptide Y (NPY) promotes positive energy balance in part by suppressing ␣-MSH and TRH. The mechanism by which NPY regulates ␣-MSH output, however, is not well understood. Our results reveal that NPY inhibited the posttranslational processing of ␣-MSH's inactive precursor proopiomelanocortin (POMC) by decreasing the prohormone convertase-2 (PC2). We also found that early growth response protein-1 (Egr-1) and NPY-Y1 receptors mediated the NPY-induced decrease in PC2. NPY given intra-PVN also decreased PC2 in PVN samples, suggesting a reduction in PC2-mediated pro-TRH processing. In addition, NPY attenuated the ␣-MSH-induced increase in TRH production by two mechanisms. First, NPY decreased ␣-MSH-induced CREB phosphorylation, which normally enhances TRH transcription. Second, NPY decreased the amount of ␣-MSH in the PVN. Collectively, these results underscore the significance of the interaction between NPY and ␣-MSH in the central regulation of energy balance and indicate that posttranslational processing is a mechanism that plays a specific role in this interaction.
OBESITY IS A MAJOR HEALTH and socioeconomic concern that has reached epidemic proportions in developed nations. Despite efforts to abate the problem, cases of obesity continue to rise. Thus, it is imperative to better understand the physiological mechanisms controlling food intake and body weight.
Neuropeptide Y (NPY) is a potent orexigen that has received attention as an antiobesity drug target (69) . NPY is produced both centrally and peripherally. Although it is widely distributed throughout the brain, in situ hybridization studies reveal that NPY is most densely localized to the hypothalamic arcuate nucleus (ARC) (19, 41) . Hypothalamic NPY plays an important role in energy balance and responds to changes in energy status. For example, NPY increases during food deprivation and returns to baseline levels following refeeding in the hypothalamic ARC and paraventricular nucleus (PVN) (1, 2, 29) .
Hypothalamic NPY also responds to changes in energy status signals, as it decreases with elevated leptin or insulin levels and increases with elevated ghrelin, growth hormone, or glucocorticoid levels (69) . In addition, rodent models of genetic obesity including the fa/fa Zucker rat as well as db/db and ob/ob mice demonstrate increased hypothalamic NPY levels (69) . Likewise, NPY mRNA levels are higher in the hypothalamus of rats made obese by eating a high-fat diet for 22 wk compared with their lean controls (24) . Moreover, individuals kept on high-fat diet that were resistant to becoming obese had lower NPY mRNA levels than obese individuals, indicating that hypothalamic NPY contributes to the diet-induced obese condition (24) . Collectively, these studies demonstrate the significance of hypothalamic NPY in regulating energy homeostasis and body weight.
A recent study revealed the importance of ARC NPY in regulating energy balance, as moderate manipulation of NPY specifically in the ARC altered food intake and promoted positive energy balance (64) . NPY neurons within the ARC innervate hypothalamic neurons involved in energy balance control, including cells in the PVN that produce the anorectic thyrotropin-releasing hormone (TRH) as well as cells within the ARC that produce the anorectic ␣-melanocyte-stimulating hormone (␣-MSH) (3, 6, 8, 9) . Evidence suggests that NPY inhibits the release of ␣-MSH from the ARC (8, 18, 57) . However, it remains unknown whether NPY regulates the production of ␣-MSH. To generate ␣-MSH, its prohormone POMC must undergo a series of proteolytic cleavages catalyzed by the enzymes prohormone convertase-1 [PC1, also referred to as PC3 (63) ] and prohormone convertase-2 (PC2), followed by further modification via carboxypeptidase E (CPE) and N-acetyltransferase (11, 44, 67) . Because of this maturation process, it is critical to know whether NPY regulates ␣-MSH peptide content rather than to focus only on changes at the level of POMC transcription.
One way that ␣-MSH exerts its anorexigenic actions is by binding melanocortin receptors on TRH neurons in the PVN, causing the phosphorylation of cAMP response element-binding protein (CREB), thereby increasing prepro-TRH expression (15, 21, 46, 59) . TRH is essential for energy balance because it regulates the hypothalamic-pituitary-thyroid (HPT) axis that controls whole body metabolism (22, 33) . There are several mechanisms by which NPY may regulate TRH. For example, NPY is known to decrease prepro-TRH mRNA (14, 15) by inhibiting ␣-MSH-induced CREB activation (59) . It is also possible that NPY indirectly regulates TRH by reducing the synthesis and release of ARC ␣-MSH. Another possibility is that NPY regulates pro-TRH processing, which occurs by the cleavage of paired basic residues catalyzed primarily by PC1 and to a lesser extent by PC2 (10, 17, 60) . CPE/carboxypeptidase D (CPD) then removes the basic residue(s) (23, 47) , followed by amidation via peptidylglycine ␣-amidating monooxygenase (PAM) to produce TRH (12, 50) .
The preswent study investigates the regulation of two critical energy-regulating peptides, TRH and ␣-MSH, by NPY. We focus particularly on the regulation of peptide content by measuring TRH and ␣-MSH using RIA because it is the level of the active peptide that is most biologically relevant. This is especially important when studying peptide hormones, as most peptide hormones are initially synthesized as large inactive precursors that are posttranslationally processed into smaller bioactive products, stored in secretory vesicles, and released when the cell receives specific stimuli (61) . Prohormone processing is an important but understudied mechanism that is essential not only in rodents, but also in humans (44, 45, 65, 67) . For example, several landmark studies demonstrate that the abnormal processing of prohormones such as POMC causes obesity in humans. Obesity has been reported in patients with a mutation in PC1 (25) as well as in a patient with a defect in POMC processing (5) . Studies from mice show similar results: mutations in PC1 (37) or CPE (42) or the deletion of the PC1 and PC2 transcription factor NhLH2 (28) all cause obesity. Overall, evidence indicates that prohormone processing is important in humans and rodents, especially in terms of energy balance. In addition, studies demonstrate that POMC processing is regulated by leptin and insulin (67), but it is not known whether NPY regulates either POMC or proTRH processing.
We chose the rat model for the present studies for several reasons. This laboratory has extensively characterized the Sprague-Dawley rat model for energy balance studies as well as gene and peptide analyses, including POMC and pro-TRH processing. The rat provides a larger source of material for peptide analysis than mice. Moreover, the POMC sequence in the mouse differs from that of the rat, making it difficult to extrapolate a mouse model to the rat unless POMC processing in the mouse is described. Also, studies from this lab using the Sprague-Dawley rat model have demonstrated that, in the PVN and ARC, leptin regulates the prohormone convertases that play a major role in pro-TRH and POMC processing (52, 58) . The current study extends these finding to determine whether NPY also regulates pro-TRH and POMC processing enzymes. The ultimate goal is to uncover mechanisms governing energy balance so that we may in the future target these mechanisms for the production of antiobesity drugs. Therefore, another reason that we use the Sprague-Dawley rat model is that this is considered the best model to represent obesity caused by overeating in humans (7) . Rats present many characteristics similar to humans in terms of genetic susceptibility to dietinduced obesity, making them an excellent model for studying the central control of energy regulation (36) . In addition, we recently characterized hormonal and physiological characteristics of the Sprague-Dawley rat model of diet-induced obesity (49) . Thus, future studies will build off the present study and determine how NPY regulates TRH and ␣-MSH in the dietinduced obesity state.
Our results demonstrate that NPY reduces the conversion of POMC to ␣-MSH via attenuation of PC2 mediated by the transcription factor early growth response protein-1 (Egr-1).
Furthermore, centrally infused NPY decreased the amount of ␣-MSH projected/released into the PVN, along with PVN TRH peptide content. We also found that NPY decreased PC2 in the PVN, which may reduce pro-TRH processing. Our results indicate a specific mechanism by which NPY regulates ␣-MSH, which in turn has implications for TRH regulation. (43) . Placement was verified by India ink test. Since ip anesthesia could cause stress and increase hypothalamic pCREB levels, the animals were jugular vein catheterized the day before the experiment to ensure rapid and stress-free anesthesia.
MATERIALS AND METHODS

Animals
Intracerebroventricular infusions. Infusions were performed icv on free-moving animals with a 30-gauge needle that extended 0.5 mm below the guide cannula. The injection tip was connected by polyethylene tubing to a 25-l Hamilton syringe, which was secured into a microprocessor-controlled infusion pump (Bioanalytical Systems) set to inject 100 l/min. A dose-response experiment was first performed to determine the optimal NPY dose, wherein we used 0 (control), 1, 5, and 10 g of human NPY (Sigma, St. Louis, MO; n ϭ 3) in 5 l of artificial cerebrospinal fluid (aCSF; 140 mM NaCl, 3.35 mM KCl, 1.15 mM MgCl 2, 1.26 mM CaCl2, 1.2 mM Na2HPO4, and 0.3 mM NaH2PO4, pH 7.4), and the control group received 5 l of aCSF alone. After 60 min, ARC/median eminence (ME) and PVN samples were collected. Given that the 5 g of NPY resulted in the greatest change in peptides (ACTH and ␣-MSH), further experiments were preformed wherein fed rats received either 5 g human NPY (Sigma) in 5 l of aCSF or 5 l of aCSF as controls. Animals were euthanized 60 min postinfusion, and the ARC/ME and PVN samples were collected for peptide or protein analyses. For the immunohistochemistry (IHC) experiments, three different treatments were used (n ϭ 9). The first group received 5 l of aCSF, the second group received 5 g of Melanotan II (MTII, Sigma) in 5 l of aCSF, and the third group received 5 g of NPY followed by 5 g of MTII 10 min later. Whole body perfusions were performed 30 min following the final infusion.
Perfusions for brain fixation. The perfusion procedure is described in Refs. 39, 49. Briefly, animals were deeply anesthetized with pentobarbital sodium (50 mg/kg) through the jugular catheter 3 min prior to perfusion. A 25-g syringe tip attached by tubing to an infusion pump was inserted into the left ventricle. The circulation was flushed with saline (6 ml/min) for 2 min and then with 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) for 45 min. Following perfusion, the hypothalamic section of the brain was collected and cryoprotected in 20% sucrose solution. The hypothalamic blocks were then frozen in TFM freezing medium (TBS, Durham, NC) and cut into 25-m-thick coronal sections on a sliding cryostat. The PVN was stored in 0.02% sodium azide containing PBS at 4°C.
Identification of pCREB in TRH neurons by double IHC. The IHC procedure was performed as described (49) . Briefly, pro-TRH-pCREB double IHC staining, PVN tissue was washed with PBS and blocked for 1 h in PBS solution containing 3% normal donkey serum, 0.25% Triton X-100, and 0.02% sodium azide. Sections were incubated for 72 h at 4°C with monoclonal mouse anti-pCREB (anti-P-Ser 133 , 1:500; Cell Signaling, Beverly, MA) and polyclonal rabbit anti-pro-TRH (anti-PYE17, 1:3,000), developed and characterized in our laboratory (e.g., 51) in blocking solution. The sections were washed with PBS and then incubated for 2 h with a combination of donkey anti-mouse Alexa fluor 488 (green) and donkey anti-rabbit Alexa fluor 594 (red) secondary antibodies (each 1:1,000; Molecular Probes, Eugene, OR). Sections were then washed and mounted onto slides and coverslipped using mounting medium with DAPI (blue; Vector Laboratories, Burlingame, CA). Images were obtained with a Nikon E800 microscope (Nikon, Melville, NY), and a Spot II digital camera (Diagnostic Instruments, Sterling Heights MI) and the software program MagnaFire (Indigo Scientific UK) were used for visualization. Light intensity was adjusted to prevent oversaturation, and photos were taken in monochrome. pCREB and pro-TRH fluorescence photographs were combined using the RGB channels of Adobe Photoshop (Adobe, San Jose, CA) to allow for visualization of double-labeled cells. Confocal images (for pCREB and pro-TRH staining) were acquired with a Nikon PCM 2000 (Nikon) using the argon (488 nm) laser and green helium-neon (543 nm) laser. Serial optical sections were performed with Simple 32 C-imaging computer software (Compix, Tualilatin, OR). Z series sections were collected at 0.7 m with ϫ40 Plan Apo lens or ϫ10 Plan Apo lens. A scan zoom of ϫ1 was used in the acquisition of images, which were then processed and reconstructed in NIH Image shareware (NIH, Springfield, VT). Adobe Photoshop was used for the image assembly.
Sections doubly labeled for Pro-TRH/pCREB were used for quantitative analysis. Pro-TRH immunostaining (red fluorescence) was confined to perikarya and dendrites, allowing for easy detection of nuclear pCREB (green fluorescence) or the leptin signaling molecule pSTAT3 (brown chromatic) by staining. The percentage of pro-TRH neurons containing a pCREB-labeled nucleus was determined for each treated animal. For each brain section analyzed, the number of doubly labeled neurons (Pro-TRH and pCREB) on one side of the third ventricle was counted. That number was then expressed as a percentage of the total pro-TRH-labeled neurons in that region. The percentages for individual sections from each treatment group were then averaged. All nuclei with positive staining were counted in the pro-TRH neurons of the PVN with visible DAPI-positive nuclei on each side of the third ventricle. That relationship was expressed as a percentage, which represents positive pro-TRH neurons in each section of the PVN compared with the total number of DAPI-positive pro-TRH neurons observed. More than 100 fields per brain section and per animal were counted to ensure statistical relevance to the study.
ARC and PVN sample collection and preparation. PVN (Bregma Ϫ1.3 to Ϫ2.3 mm) and ARC (Bregma Ϫ2.5 to Ϫ3.5 mm) samples were microdissected and frozen immediately in liquid nitrogen and then placed in Ϫ80°C (35) . Samples were subjected to peptide extraction with 2 N acetic acid supplemented with a protease inhibitor cocktail to measure peptides by specific RIA or protein extraction with RIPA buffer (50 mM Tris·HCl, pH 7.4, 150 mM NaCl, 0.5% sodium deoxycholate, 0.1% SDS, 1% NP-40) supplemented with protease inhibitor cocktail for Western blot analysis. All Western blot analyses and RIA were performed on ARC or PVN samples taken from individual animals. Samples were not pooled. For intra-PVN samples only, the portion of PVN injected was collected and used for analyses.
Radioimmunoassay. RIA analysis of ACTH and ␣-MSH is described previously by our laboratory (52) . Briefly, the ␣-MSH RIA was performed using an anti-␣-MSH antiserum (1:20,000), developed in-house and 5,000 cpm of 125 I desacetyl ␣-MSH tracer. The sensitivity of the assays was ϳ11.5 pg/tube, and the intra-and interassay variabilities were 5-6 and 9 -12%, respectively. The ␣-MSH antibody used in this condition can detect 100% of desacetyl ␣-MSH but does not cross-react with the free acid nonamidated form of ␣-MSH, ACTH, or CLIP. The ACTH RIA was performed using our in-house anti-ACTH antiserum (1:30,000) and 5,000 cpm of 125 I-ACTH tracer. The sensitivity of the assays was ϳ10.0 pg/tube, and the intra-and inter-assay variabilities were ϳ5-7 and 10 -11%, respectively. The ACTH antibody used in this assay does not cross react with any form of ␣-MSH. It is important to note that the ACTH antibody does cross-react with the POMC precursor, which was demonstrated using purified POMC (kindly donated by Dr. Anne White from the University of Manchester). However, since the prohormone broke down considerably, we could not determine the percentage of cross reactivity.
Western immunoblotting. Protein samples were separated on 8% acrylamide gel and transferred onto a PVDF membrane. Membranes were washed in PBS with 0.1% Tween 20 (PBS-T) and then blocked with 5% BSA for 60 min. Membranes were then probed with a primary antibody overnight at 4°C. Primary antibodies included PC1 and PC2 (1:10,000 dilution, a gift from Dr. Nabil Seidah). Other antibodies were from Santa Cruz Biotechnology: Egr-1 (1:500 dilution, sc-110), CPE (1:1,000, sc-136252), prolylcarboxypeptidase (PRCP, 1:500, sc-49272), and ␤-actin (1:10,000) as a loading control. PC1, PC2, and Egr-1 antibodies have been characterized in previous studies (40, 58) . The following day, the membranes were washed in PBS-T (3 times for 5 min) and incubated in the appropriate secondary C: time-response. ␣-MSH peptide content (n ϭ 4; Kruskal-Wallis test, P ϭ 0.04). D: food intake (g) was measured in animals 60 min after icv infusion with NPY (5 g) or vehicle control, which were the optimal conditions for changes in ␣-MSH. Food intake 60 min postinfusion was significantly greater in NPY-treated rats (control n ϭ 9 and NPY n ϭ 10; Mann-Whitney U-test, P ϭ 0.0015). Data are means Ϯ SE. Tukey's HSD test was used for ANOVA post hoc analyses, and Dunn's test was used for Kruskal-Wallis post hoc analyses. Data are means Ϯ SE. *P Ͻ 0.05, **P Ͻ 0.01 vs. control.
antibody for 60 min. Membranes were then incubated with enhanced chemiluminescence buffer for 1 min and visualized using the Alpha Innotech imaging system (ProteinSimple). Band density was analyzed using ImageJ (National Institutes of Health). In vitro studies. For studies determining the mechanisms by which NPY decreases POMC processing, we used the mouse N43-5 hypothalamic POMC-positive cell line (CELLutions Biosystems). These cells were ideal because they contain POMC as well as the melanocortin receptor (MC4R), PC1, PC2, and CPE. We also used a POMCpositive corticotropic AtT20 cell line transfected with PC2 to measure both PC2 and ␣-MSH release. N43-5 and AtT20 cells were each grown in DMEM supplemented with 10% fetal bovine serum, 100 U/ml penicillin, and 10 g/ml streptomycin. For protein analyses, cells adhered overnight in six-well plates. Depending on the experiment, cells were transiently transfected with a CMV plasmid containing PC2 cDNA (a gift from Dr. Nabil Seidah), Egr-1 cDNA (Addgene), or NPY-Y1R and NPY-Y5R cDNA (OriGene). All transfections were performed using lipofectamine 2000 (Invitrogen) following the manufacturer's instructions. Briefly, cells were incubated with cDNA (4 g)-lipofectamine complex for 6 h in serum-free medium. The medium was changed to DMEM for overnight incubation. Doseresponse curves indicated that 100 M NPY yielded the greatest change in both PC2 promoter activity and protein levels. Thus, 24 h after transfection, cells were treated with NPY (100 M) or vehicle control. For cAMP control experiments, untransfected serum-starved (6 h) N43-5 cells were treated for 90 min with the cAMP activators MTII (50 M), forskolin (10 M), or 8-Br-cAMP (100 M) and compared with a PBS control. For all experiments, cells were collected using HEPES-KOH buffer (20 mM HEPES, 125 mM NaCl, 1 mM EDTA, 20 mM NaF, 0.1% Triton X, 0.1% NP-40).
For luciferase assays, N43-5 cells adhered overnight in 96-well plates. Using lipofectamine 2000, cells were transfected with the human PC2-luciferase promoter construct. Specifically, we used the DNA from the human PC2 promoter (789 bp to Ϫ1 bp relative to the translation initiation codon) inserted in the pGL2-Basic vector (27) . Cells were incubated with both PC2 promoter (0.15 g) and a renilla control (pRL-SV40 0.15 g, Promega) for 6 h in antibiotic-free, serum-free medium. The medium was later changed to complete DMEM for overnight incubation. Cells were then treated with NPY (100 M (5 g) or vehicle control. B: ACTH peptide content (control n ϭ 6, NPY n ϭ 4; t-test with Welch's correction, P ϭ 0.0369). C: ␣-MSH peptide content (control n ϭ 6, NPY n ϭ 4; t-test, P ϭ 0.0096). These results were repeated with the same response in a separate experiment, n ϭ 9/group. D: PC1 protein levels (control n ϭ 6, NPY n ϭ 5; t-test, P ϭ 0.92). E: PC2 protein levels (control n ϭ 6, NPY n ϭ 4; t-test, P ϭ 0.034). These results were repeated with the same response in 2 independent experiments, n ϭ 4/group/experiment. F: CPE protein levels (control n ϭ 6, NPY n ϭ 5; t-test, P ϭ 0.60). G: PRCP protein levels (control n ϭ 5, NPY n ϭ 4; t-test, P ϭ 0.0015). Data are means Ϯ SE. *P Ͻ 0.05, **P Ͻ 0.01 vs. control.
ances but normal distribution of the data. Differences were considered to be significant at P Ͻ 0.05. Prizm (version 4.0b; GraphPad Software, La Jolla, CA). Statistics for each comparison are presented in figure legends. (3, 6, 8, 9 ), yet the effect of NPY on ␣-MSH production remained unknown. We investigated whether NPY altered POMC levels as well as the processing of POMC to ␣-MSH. We began by infusing NPY icv in rats and measuring POMC by Western blot and ␣-MSH by RIA. In a dose-response experiment, we found that NPY significantly decreased POMC (Fig. 1A) and ␣-MSH (Fig. 1B) . Using the 5-g dose that significantly decreased both POMC and ␣-MSH, we found that 1 h was the optimal time for NPY to reduce the active ␣-MSH levels (Fig. 1C) . Furthermore, rats given 5 g of NPY icv for 1 h eat significantly more food than vehicle controls (Fig. 1D) .
RESULTS
NPY decreases ␣-MSH maturation and production. Previous results have demonstrated that NPY diminishes the release of the anorectic ␣-MSH
To examine the effect of NPY on POMC-derived peptides, we then measured ARC ACTH and ␣-MSH using specific Fig. 3 . NPY decreases PC2 and Egr-1. A: Egr-1 protein in the ARC of control and NPY icv-infused rats (control n ϭ 5, NPY n ϭ 4; t-test, P ϭ 0.0297). B-G: experiments were performed using the hypothalamic POMC-positive N43-5 cell line. B: N43-5 cells were transfected with PC2 promoter-luciferase construct along with pRL-renilla SV40. Twenty-four hours later, cells were treated with vehicle control (V) or cAMP activators forskolin (FK10 M), MTII (50 M), or 8-Br-cAMP (100 M) for 1.5 h and then lysed. Values are shown normalized to renilla (n ϭ 3/group ANOVA, P Ͻ 0.05). Results were repeated in 2 independent experiments (n ϭ 3/group/experiment). C: PC2 protein levels with and without overexpression of Egr-1 by cDNA transfection (n ϭ 5/group, t-test, P Ͻ 0.0001). Results were repeated in 2 independent experiments (n ϭ 3/group/experiment). D: Egr-1 protein levels with and without NPY (100 M; n ϭ 6/group, t-test, P Ͻ 0.0337). Results were repeated in an independent experiment (n ϭ 3/group). E: PC2 promoter activity (normalized to renilla) in cells treated with 100 M NPY for 0, 30, 60, and 90 min (n ϭ 6/group, ANOVA, P ϭ 0.0004). Results were repeated in an independent experiment (n ϭ 3/group). F: PC2 protein levels at 0, 30, 60, and 90 min post-NPY treatment (100 M) in N43-5 cells transfected with PC2, NPY-Y1 receptor (NPY-Y1R), and Egr-1 (n ϭ 4/group, ANOVA, P ϭ 0.0042). Results were repeated in an independent experiment (n ϭ 3/group). G: PC2 protein levels at 0, 30, 60, and 90 min post-NPY treatment (100 M) in N43-5 cells transfected with PC2 and NPY-Y1R but not Egr-1 (n ϭ 4/group, Kruskal-Wallis test, P ϭ 0.067). Results were repeated in an independent experiment (n ϭ 3/group). Tukey's test was used for all post hoc analyses. See text for definitions. Data are means Ϯ SE. *P Ͻ 0.05, **P Ͻ 0.01 vs. control.
RIAs of rats given 5 g of NPY icv for 1 h and found that both ACTH (Fig. 2B ) and ␣-MSH (Fig. 2C ) levels were lower than vehicle controls. However, the magnitude of the decrease in ␣-MSH (P Ͻ 0.0096) was greater than the decrease in ACTH (P ϭ 0.037) or POMC (P ϭ 0.034). These data suggest a change in POMC processing ( Fig. 2A) , specifically a reduction in the conversion of ACTH to ␣-MSH. Thus, we further analyzed the extent of NPY-induced attenuation in ACTH and ␣-MSH. We calculated an 18.8% reduction in the molar ratio of ␣-MSH to ACTH in NPY-treated rats compared with their controls, indicating that the processing of ACTH to ␣-MSH is diminished with NPY treatment (Table 1) . We then measured the protein level of POMC processing enzymes. PC2 protein levels significantly decreased in the ARC of NPY-treated rats (Fig. 2E) , whereas the other POMC processing enzymes PC1 and CPE (Fig. 2, D and F) levels were similar to controls'. Interestingly, the ␣-MSH degrading enzyme PRCP decreased with NPY infusion (Fig. 2G) . These results suggest that the NPY attenuation of POMC processing is specific to PC2.
Egr-1 and NPY-Y1R mediate the NPY-induced decrease in PC2.
Because the ␣-MSH and PC2 response to NPY in the ARC occurred relatively quickly (60 min), we also wanted to explore whether Egr-1 regulated these changes. It has been demonstrated that Egr-1 has CRE elements in its promoter and that ␣-MSH activates Egr-1 through a cAMP-dependent mechanism (31, 56) . Thus, NPY downregulation of cAMP may decrease Egr-1. In addition, PC2 contains two Egr-1 binding sites in its promoter (27, 44) , and the human PC2 promoter is activated by Egr-1 (27) . This pathway is illustrated in Fig. 7 . We began by showing that icv NPY infusion decreased ARC Egr-1 protein levels (Fig. 3A) . We then moved to an in vitro system for more mechanistic studies.
Because ARC samples contain both POMC and NPY/AgRP neurons, each expressing PC2, we wanted to investigate changes in PC2 explicitly in POMC neurons. Therefore, we used N43-5 cells, which are derived from an immortalized POMC neuronal cell line. Western blot analysis of N43-5 cells indicated a band at the expected molecular weight for Egr-1, NPY-Y1, and NPY-Y5 receptors, but expression was low (data not shown). Consequently, we overexpressed Egr-1, NPY-Y1, and NPY-Y5 receptors for our experiments. We first demonstrated that activating cAMP levels with forskolin, MTII, or 8-Br-cAMP elevated PC2 promoter activity (Fig. 3B) ; thus, the cAMP/PKA pathway regulates PC2. We then supported the finding that Egr-1 regulates PC2 (27) , as overexpression of Egr-1 augmented PC2 protein levels (Fig. 3C) . We further demonstrated that NPY reduced Egr-1 protein 30 min postadministration (Fig. 3D) .
Following these control experiments, we showed that NPY significantly decreased PC2 promoter activity 30 and 60 min post-NPY administration (P ϭ 0.0004; Fig. 3E ). Furthermore, we found that NPY significantly decreased PC2 protein levels 60 and 90 min after treatment (P Ͻ 0.0001; Fig. 3F ). However, this effect was lost when we did not overexpress Egr-1 (Fig.  3G) . Although there was a trend toward reduced PC2 at the 90 min time point, the overall PC2 reduction in response to NPY was not statistically significant when Egr-1 was not transfected (P Ͼ 0.05; Fig. 3G ). To demonstrate that the effect of NPY on PC2 is not isolated to N43-5 cells, we repeated these experiments in POMC-positive corticotropic AtT20 cells transfected with PC2 and found a parallel decrease in PC2 and Egr-1 protein levels with NPY treatment (Fig. 4, A and B) . Taken together, these data indicate that NPY reduces ␣-MSH, at least in part, by reducing the POMC processing enzyme PC2, which is regulated by Egr-1.
To determine whether the NPY-Y1 and or NPY-Y5 receptors play a role in regulating NPY's attenuation of PC2, we used BIBO3304 (NPY-Y1-specific antagonist, 100 nM) or NTNCB (NPY-Y5-specific antagonist, 100 nM), each from TOCRIS Bioscience, for 10 min before NPY administration (68) . We found that the NPY-Y1R antagonist blocked the NPY-induced decrease in PC2, but the NPY-Y5R antagonist did not block this effect (Fig. 4C) . Since we were ultimately interested in how NPY affects ␣-MSH release, we investigated the effect of NPY on ␣-MSH release into the medium of AtT20 cells transfected with PC2. We found that NPY reduced the amount of ␣-MSH peptide release and that the NPY-Y1-specific antagonist blocked this effect (Fig. 4D ). These results demonstrate that NPY-Y1R mediates the effect of NPY on ␣-MSH and PC2. . NPY-induced decrease in PC2 is also observed in POMC-positive AtT20 cells and is mediated by NPY-Y1R. Experiments were conducted using AtT20 cells transfected with PC2, NPY-Y1R, NPY-Y5R, and Egr-1. A: PC2 protein in AtT20 cells treated with or without NPY (100 M) for 60 min (n ϭ 4/group, t-test, P ϭ 0.0331). Results were repeated in 2 independent experiments (n ϭ 3/group/experiment). B: Egr-1 protein in AtT20 cells treated with or without NPY (100 M) for 60 min (n ϭ 3/group, t-test, P ϭ 0.030). Results were repeated in an independent experiment (n ϭ 3/group). C and D: AtT20 cells were pretreated with NPY-Y1 antagonist BIBO3304 in DMSO for 10 min (Y1A) or NPY-Y5 antagonist NTNCB in DMSO (Y5A) for 10 min, after which NPY was administered for 60 min; or cell were pretreated with DMSO control for 10 min followed by NPY (N) or vehicle (V) for 60 min. C: PC2 protein levels (n ϭ 5/group, ANOVA, P ϭ 0.0001). D: ␣-MSH peptide content in medium (n ϭ 4/group, ANOVA, P ϭ 0.0134). Tukey's test was used for all post hoc analyses. See text for definitions. Data are means Ϯ SE. *P Ͻ 0.05, **P Ͻ 0.01 vs. control.
NPY decreases TRH levels in the PVN. NPY is one of the main inhibitors of prepro-TRH mRNA in the PVN (14, 15) . We show here that TRH peptide content in the PVN (30%) and ME (46%) is significantly lower in rats icv-infused with NPY compared with controls (Fig. 5A) . One way in which NPY could regulate TRH is by inhibiting the ␣-MSH-induced increase in TRH production. Our in vivo and in vitro results indicate that NPY significantly reduces ␣-MSH production and release. Thus, we examined whether NPY affects the amount of ␣-MSH within the PVN. We observed a significant decrease in ␣-MSH levels in the PVN of NPY-treated rats (Fig. 5B) , suggesting that NPY diminishes the amount of ␣-MSH available to act on TRH.
Another way in which NPY decreases TRH is by attenuating the ␣-MSH-induced increase in pCREB (see Fig. 7 ). Therefore, the percentage of colocalization between pro-TRH and pCREB staining was analyzed following icv injections of the ␣-MSH analog MTII, NPY ϩ MTII, and aCSF controls. Following icv infusion of MTII, 62 Ϯ 4% of the pro-TRH containing neurons also stained positive for pCREB. Infusion of NPY prior to MTII yielded 34 Ϯ 2% colocalization of pro-TRH/pCREB (Fig. 5, C and D) . All together, these results show that NPY effectively counters the MTII activation of the MC4R in TRH neurons, which supports previous findings (59) .
Finally, another way that NPY may reduce TRH is by regulating the processing of its precursor, pro-TRH. Pro-TRH processing has been well characterized by this laboratory and others (reviewed in Ref. 45 ) and is modeled in Fig. 6A . To address this question, we infused NPY into the PVN and measured pro-TRH processing enzymes. We found that our intra-NPY infusions significantly increased food intake (Fig.  6B) . We also found that NPY significantly decreased PC2 in the PVN but did not alter any of the other pro-TRH processing enzymes examined (Fig. 6, C-F ).
DISCUSSION
The current study demonstrates that NPY reduces ␣-MSH peptide content in the ARC, and one mechanism underlying this regulation is that NPY obstructs the posttranslational maturation of ␣-MSH. We found that NPY specifically reduced the POMC processing enzyme PC2. This is a fairly rapid process mediated by Egr-1 and NPY-Y1R. We further showed that NPY decreased TRH levels in the PVN and ME, supporting previous results that NPY opposes ␣-MSH-induced phosphorylation of CREB. Intra-PVN NPY administration decreased PC2 levels, which may reduce the processing of pro-TRH. We also demonstrated that NPY decreases the amount of ␣-MSH in the PVN, suggesting indirect regulation of TRH. These results indicate that NPY affects TRH levels through multiple mechanisms. In terms of POMC and pro-TRH processing, our results suggest that NPY affects PC2 specifically.
NPY exerts its actions on energy balance in part by regulating other energy-mediating peptides. We show for the first time that NPY reduces POMC levels in the ARC. Our studies further reveal that NPY alters the processing of POMC to the bioactive ␣-MSH. Our in vivo studies demonstrate that both ACTH and ␣-MSH peptide content are attenuated with NPY treatment. However, the ␣-MSH:ACTH ratio decreased by 18.8%, indicating that the conversion of ACTH to ␣-MSH is also impaired by NPY. Central infusion of ␣-MSH acutely and robustly decreases food intake (e.g., Refs. 4, 13, 54); therefore, the 19% decrease in POMC processing is likely to have biological implications. Indeed, NPY significantly increased food intake over the time course and dose that we observe NPY affects on POMC, ␣-MSH, and PC2 levels. Furthermore, evidence suggests that defects in POMC processing have metabolic consequences (55) . For example, severe obesity was reported in a patient with defective processing specific to POMC (26) , which suggests that the NPY-mediated defect in POMC processing may have metabolic costs.
It is possible that NPY differentially affects the transport and/or degradation rates of ACTH and ␣-MSH, which will affect the ACTH:␣-MSH ratio. We attempted to look at ␣-MSH clearance by measuring PRCP in the ARC of NPY and control rats (66) . Interestingly, we observed a decrease in PRCP with NPY icv treatment. This indicates that ARC PRCP likely does not contribute to the NPY-induced decrease in ␣-MSH:ACTH, but instead the decrease in PRCP may reduce ␣-MSH clearance when ␣-MSH levels are low. We do not know whether PRCP levels or activity change at ␣-MSH target sites with NPY treatment. It is, however, clear from our in vivo and in vitro results that NPY alters POMC processing via reduction in PC2, the enzyme that catalyzes the conversion of ACTH to ␣-MSH. For example, PC2 protein levels were significantly reduced in NPY-treated rats, and PC2 protein levels decreased with NPY treatment in the POMC-positive N43-5 and AtT20 cell lines. We also found a trend, albeit not statistically significant, for ARC PC2 mRNA levels to decrease with NPY icv infusion (data not shown). The NPY effect on PC2 mRNA within POMC cells may be diluted by PC2 mRNA levels in ARC non-POMC cells like those producing NPY/ AgRP as we see a significant difference in PC2 promoter with NPY in POMC-positive cells (Fig. 3E ). Since we did observe a significant decrease in PC2 protein with NPY in rat ARC tissue (Fig. 2E) , it is possible that NPY may be affecting PC2 protein via other mechanisms such as through the PC2 chaperone 7B2. This will be explored in future studies. Black bars represent TRH. B-F: male rats received intra-PVN infusion with 5 g NPY, and 60 min later, food intake was measured and PVN samples collected for Western blot analyses. B: food intake (g; n ϭ 4; t-test, P ϭ 0.0098) C: PC1 protein levels (n ϭ 4; t-test, P ϭ 0.80). D: PC2 protein levels (n ϭ 4; t-test P ϭ 0.047). E: CPE protein levels (n ϭ 4; t-test, P ϭ 0.78). F: CPD protein levels (n ϭ 4; t-test, P ϭ 0.79). Data are means Ϯ SE. *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001 vs. control. Fig. 7 . Schema of proposed pathways in which NPY regulates ␣-MSH and TRH. We focus on NPY-producing neurons in the ARC, although NPY derived from other sources could have these effects. This figure summarizes, in a very simplified manner, the various mechanisms that have been suggested to mediate the effects of NPY. Our data support the hypothesis that NPY regulates TRH by direct and indirect pathways. NPY regulates TRH directly by binding to Y1/Y5 receptor(s) on TRH neurons in the PVN causing a decrease in pCREB levels, thereby decreasing pro-TRH transcription, and NPY decreased PC2-mediated pro-TRH processing. In the indirect pathway, NPY reduces ␣-MSH peptide content by altering its maturation and reducing the amount of ␣-MSH released into the PVN.
Since NPY did not did not alter the other POMC processing enzymes PC1 or CPE, the affect of NPY on POMC processing appears to be specific to PC2. In addition, we demonstrated that NPY downregulates Egr-1, which is known to increase PC2 promoter activity (27) . We also showed that the NPY-induced decrease in PC2 in vitro required overexpression of Egr-1, indicating that Egr-1 mediates NPY regulation of ␣-MSH maturation.
Previous studies report that NPY neurons synapse with POMC neurons within the ARC and inhibit their activation (8, 9) , thereby inhibiting putative ␣-MSH release. Using frog melanotroph cells, Galas et al. (18) demonstrated that NPY inhibited ␣-MSH release and cAMP formation by activating a Y5 receptor coupled to a PTX-insensitive G protein. They also showed that NPY suppressed TRH-induced secretion of ␣-MSH through a Y1 receptor coupled to a PTX-sensitive G protein-coupled receptor. A subsequent study using mice showed that NPY directly inhibited POMC neurons through NPY-Y1 receptor-mediated activation of G protein-coupled inwardly reflecting K ϩ (GIRK) channels (57) . The hyperpolarization of these neurons, mediated by NPY, inhibits action potential firing, which likely inhibits ␣-MSH release. The present study shows by RIA that ␣-MSH release is reduced in AtT20 cells treated with NPY. These results, together with our finding that NPY decreases ARC ␣-MSH production, suggest that NPY may reduce the amount of ␣-MSH available to produce effects in target neurons. For example, ␣-MSH is a main regulator of TRH in the PVN (53, 59) . We found that NPY-treated rats had significantly less ␣-MSH in the PVN than controls, which supports the hypothesis that NPY indirectly regulates TRH via attenuated production and release of ␣-MSH.
There are six NPY receptor subtypes, although NPY-Y6 is not found in the rat (20) . NPY-Y1 and -Y5 have received particular attention because of their ability to increase food intake when specifically stimulated (16) . The NPY-Y1 receptor appears to be highly important in feeding, as Y1-specific agonists stimulate the appetite phase of food intake. In contrast, Y5-specific agonists influence meal size and duration of food intake (34) . Moreover, Y1, but not Y5, antagonists block the effects of NPY on food intake in rats (30) , and fasting-induced food intake was reduced in Y1 but not Y5 knockout mice (38) . Also, NPY-Y1 receptors are abundant in the ARC and PVN (32, 48, 62) . Our results indicate a role for NPY-Y1R in regulating NPY's effects on ␣-MSH, as blocking these receptors restored the NPY-induced decrease in both PC2 levels and ␣-MSH release.
In addition to ␣-MSH, we also observed a significant reduction in TRH peptide content. When we infused NPY directly into the PVN, PC2 levels in PVN tissue decreased similarly to what we observed in ARC tissue with icv NPY infusions. This decrease in PVN PC2 could lead to less TRH, as PC2 plays a role in pro-TRH processing (44) . Moreover, we supported previous findings by Sarkar and Lechan (59) that NPY decreases the activation of CREB by ␣-MSH in TRH neurons.
In conclusion, we propose a model depicting mechanisms by which NPY regulates both ␣-MSH and TRH (Fig. 7) . NPY directly regulates the production and maturation of ␣-MSH. It also regulates TRH directly and indirectly: directly by opposing ␣-MSH activation of CREB signaling in TRH neurons and reducing pro-TRH processing by PC2, and indirectly by reducing the production and release of ARC ␣-MSH. We focus on ARC-derived NPY because NPY is produced most abundantly in the ARC (19, 41) ; these neurons innervate the PVN (3) and POMC neurons (6, 8, 9) , and ARC NPY has well-documented effects on food intake and body weight (64) . NPY derived from other neurons could have the same influence on POMC and TRH, which merits future investigation. Overall, our results illustrate the complex interaction among the energy-regulating neuropeptides NPY, ␣-MSH, and TRH.
